Limits to the Effect of Substrate Roughness or Smoothness on the Odd–Even Effect in Wetting Properties of n-Alkanethiolate Monolayers by Chen, Jiahao et al.
Materials Science and Engineering Publications Materials Science and Engineering
2015
Limits to the Effect of Substrate Roughness or
Smoothness on the Odd–Even Effect in Wetting
Properties of n-Alkanethiolate Monolayers
Jiahao Chen
Iowa State University, jiahao@iastate.edu
Zhengjia Wang
Iowa State University
Stephanie Oyola-Reynoso
Iowa State University, so1@iastate.edu
Symon M. Gathiaka
Auburn University
Martin M. Thuo
Iowa State University, mthuo@iastate.eduFollow this and additional works at: http://lib.dr.iastate.edu/mse_pubs
Part of the Biology and Biomimetic Materials Commons, Membrane Science Commons, and the
Polymer and Organic Materials Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
mse_pubs/230. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Materials Science and Engineering at Iowa State University Digital Repository. It has been
accepted for inclusion in Materials Science and Engineering Publications by an authorized administrator of Iowa State University Digital Repository.
For more information, please contact digirep@iastate.edu.
Limits to the Eﬀect of Substrate Roughness or Smoothness on the
Odd−Even Eﬀect in Wetting Properties of n‑Alkanethiolate
Monolayers
Jiahao Chen,†,‡ Zhengjia Wang,† Stephanie Oyola-Reynoso,† Symon M. Gathiaka,§ and Martin Thuo*,†,‡,∥
†Department of Materials Science and Engineering, Iowa State University, 2220 Hoover Hall, Ames, Iowa 50011, United States
‡Micro-Electronic Research Center, Iowa State University, 133 Applied Sciences Complex I, 1925 Scholl Road, Ames, Iowa 50011,
United States
§Department of Chemistry, Auburn University, 179 Chemistry Building, Auburn, Alabama 36849, United States
∥Biopolymer and Biocomposites Research Team, Center for Bioplastics and Biocomposites, Iowa State University, 1041 Food
Sciences Building, Ames, Iowa 50011, United States
*S Supporting Information
ABSTRACT: This study investigates the eﬀect of roughness on interfacial
properties of an n-alkanethiolate self-assembled monolayer (SAM) and uses
hydrophobicity to demonstrate the existence of upper and lower limits. This article
also sheds light on the origin of the previously unexplained gradual increase in
contact angles with increases in the size of the molecule making the SAM. We
prepared Au surfaces with a root-mean-square (RMS) roughness of ∼0.2−0.5 nm
and compared the wetting properties of n-alkanethiolate (C10−C16) SAMs
fabricated on these surfaces. Static contact angles, θs, formed between the SAM
and water, diethylene glycol, and hexadecane showed an odd−even eﬀect
irrespective of the solvent properties. The average diﬀerences in subsequent SAME
and SAMO are Δθs|n − (n+1)| ≈ 1.7° (n = even) and Δθs|n− (n+1)| ≈ 3.1° (n = odd). A
gradual increase in θs with increasing length of the molecule was observed, with values ranging from water 104.7−110.7° (overall
Δθs = 6.0° while for the evens ΔθsE = 4.4° and odds ΔθsO = 3.5°) to diethylene glycol 72.9−80.4° (overall Δθs = 7.5° while for the
evens ΔθsE = 2.9° and odds ΔθsO = 2.4°) and hexadecane 40.4−49.4° (overall Δθs = 9.0° while for the evens ΔθsE = 3.7° and odds
ΔθsO = 2.1°). This article establishes that the gradual increase in θs with increasing molecular size in SAMs is due to asymmetry in
the zigzag oscillation in the odd−even eﬀect. Comparison of the magnitude and proportion diﬀerences in this asymmetry allows
us to establish the reduction in interfacial dispersive forces, due to increasing SAM crystallinity with increasing molecular size, as
the origin of this asymmetry. By comparing the dependence of θs on surface roughness we infer that (i) RMS roughness ≈ 1 nm
is a theoretical limit beyond which the odd−even eﬀect cannot be observed and (ii) on a hypothetically ﬂat surface the maximum
diﬀerence in hydrophobicity, as expressed in θs, is ∼3°.
■ INTRODUCTION
The application of self-assembled monolayers (SAMs) has
attracted tremendous attention in the recent past,1−21 in part
due to access to tools that allow for the delineation of their
properties in more detail at higher accuracy. The so-called
odd−even eﬀect in properties of SAMs is a phenomenon that
has emerged from improved tools especially in the area of
molecular electronics.1,22−26 In general, an odd−even eﬀect
describes zigzag oscillation in structure and/or properties of an
object depending on the presence of either odd or even
numbers of a basic unit.27−34 In self-assembled monolayers
(SAMs), the structural unit is often the number of non-
hydrogen atoms (CH2 for hydrocarbons) present in the
molecules that make up the monolayer. We and others are
interested in understanding the origin and role of the odd−
even eﬀect in simple n-alkanethiolate SAMs on Au and Ag
surfaces.7,12 Understanding the odd−even eﬀect has con-
sequences for the design and development of SAM-based
technologies such as molecular tunneling junctions, ﬁeld-eﬀect
transistors, and molecular diodes among many others.1,5,11,22,25
The odd−even eﬀect in wettability in n-alkanethiolate SAMs
is believed to be caused by both the varying tilting angles of
terminal CH3−CH2 groups (structural eﬀect) and the dipole of
the SAMs (electronic eﬀect).2,35 Molecules with an even
number (SAME) of carbons have the terminal −CH2CH3
oriented along the surface normal while odd-numbered
(SAMO) molecules orient away from the surface normal, as
shown in Figure 1a,b. The diﬀerence in terminal −CH2CH3
orientation leads to diﬀerent interfacial structure and hence
surface properties. Laibinis and co-workers, through theoretical
calculations, showed that there exists an odd−even eﬀect in
wetting n-alkanethiolate SAMs with hexadecane as the probe
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liquid but not with water.36 They attributed the lack of an odd−
even eﬀect with water to poor contact between the probe liquid
and the surface.36 According to our calculations and the
literature,37 SAME and SAMO show a slight diﬀerence in the
magnitude and orientation of the molecular dipoles, which lead
to an odd−even oscillation of the surface normal dipole. This
oscillation, in an ideal case, should lead to an odd−even
oscillation in the contact angle of the SAM with water.
The odd−even eﬀect, however, highly depends on the quality
of the monolayers. We have recently reported that the odd−
even eﬀect on the wettability of SAMs is sensitive to substrate
roughness.24 The odd−even eﬀect can be observed on SAMs
formed on the smooth AuTS surface (roughness: 0.36 nm),
while the odd−even eﬀect vanished when on the rougher AuAD
surface (roughness: 2.3 nm), as shown in Figure 1c,d,
respectively. That is because a more ordered monolayer is
formed on AuTS, as illustrated in Figure 1e. It is believed that a
smoother surface (RMS roughness < 0.36 nm) will result in
more uniform SAMs with fewer defects (Figure 1f). In a related
study, Nijhuis and co-workers showed that roughness and grain
sizes have an eﬀect on charge transport by tunneling across
SAMs as depicted in the variation of the decay constant, β.14 In
molecular electronics, an odd−even eﬀect in charge transport
properties has been observed and has been suggested to be
heavily inﬂuenced by the interfacial properties of the SAM and
how they aﬀect charge injection.38 On the basis of these and
other studies of SAM properties, we inferred that the properties
of the SAMs correlate strongly with the roughness of the
substrate on which the SAM is formed, with rough surfaces
showing poor molecule-dominated behavior and vice versa. We
therefore hypothesized that using superﬂat substrates gives
more ordered monolayers and results in an enhanced odd−
even eﬀect with larger magnitude and a smaller variance in the
value of θs.
For brevity and clarity, we hypothesized that surface
roughness is inversely proportional to the magnitude of the
odd−even oscillation in θs. Our hypothesis was that an
enhanced odd−even eﬀect on wetting properties, that is, an
Figure 1. Schematic overview of the odd−even eﬀect in self-assembled monolayers on Au. In an ideal assembly, molecules with an even number
(SAME) of carbons (a) have the terminal −CH2CH3 oriented along the surface normal while odd-numbered (SAMO) molecules (b) orient away
from the surface normal. Similarly, the magnitude and direction of the resultant dipole shows a slight variation. Experimental observation of the
odd−even eﬀect on the hydrophobicity of SAMs (the Whitesides−Porter discrepancy) depends on the quality (roughness) and identity of the
substrate. On rough surfaces no odd−even eﬀect is observed (c) while it is clearly observed with smooth substrates (d). To quantify the absolute
magnitude of the odd−even eﬀect, we hypothesized that surfaces smoother than 0.36 nm (∼2 C−C bonds) would perform better than we previously
reported. The eﬀect of large surface defects on SAMs, even with large grains, is shown (e) in contrast to a much smoother, smaller-grained surface
(f).
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enhanced oscillation due to larger diﬀerences in the values of
contact angles made by even n-alkanethiolate SAMs, θs
E, and
that from homologous odd n-alkanethiolate SAMs, θs
O, can be
observed on SAMs fabricated on smoother substrates (RMS
roughness < 0.4 nm).
■ EXPERIMENTAL SECTION
Materials. All metal ﬁlms were custom evaporated by Substrata
Thin Film Solutions Inc. and used as received. Alkanethiols (C10−
C12, C14−C16) and diethylene glycol were purchased from Sigma-
Aldrich. n-Tridecanethiol (C13) was purchased from Pfaltz & Bauer.
n-Hexadecane was purchased from MP Biomedicals. Ethanol (200
Figure 2. Surface roughness analysis of AuTS and AuM‑TS surfaces using AFM and corresponding hydrophobicity of resultant SAMs. (a−d) 2D
topology. (e−h) Line-section height proﬁle and the tilted 3D view of the AuTS and AuM‑TS surfaces. The hydrophobicity of the surfaces is given in
(i−l). The values of θs (deg) for AuTS were used as a control and were compared to the literature (normalized to our AuTS measurements). A small
discrepancy in the data we previously published, as expected, indicates a systematic error.
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proof) was purchased from Decon Laboratories, Inc. All chemicals and
reagents were used as received except for tridecanethiol, which
required repeated puriﬁcation before use as previously described.25
Nitrogen and argon gas (industrial grade) were purchased from Airgas
and used as supplied.
Calculation of the n-Alkanethiolate Dipole Moment. The
geometries were constructed with a hydrogen-atom-capped thiol in
place of the metal−sulfur bond. In consideration of the sp3 to Au, the
angle between the hydrogen caps to sulfur to the ﬁrst carbon was
restrained to 109.5°. The geometries of the alkanethiols were then
optimized using density functional theory at the B3LYP level with the
6-311++g basis set.24,37
Preparation of the Template-Stripped Surface. The purchased
metal ﬁlms were template stripped to make an ultraﬂat surface, as
previously reported.3,10,25,26,39 Glass pieces and metal ﬁlms were
cleaned with ethanol and dried with a stream of nitrogen gas. A piece
of glass, on which an estimated 8 μL of optical adhesive (Norland
Optical Adhesive 61) was applied, was placed on top of the metal ﬁlm.
Possible bubbles were gently removed by tapping the glass support.
After 12 h of curing under long-wavelength UV light, the supported
ﬁlm was stripped using a razor blade.25,26,39
Preparation of Monolayers. Freshly template-stripped AuM‑TS
was washed with ethanol and dried with a stream of nitrogen gas
before forming SAMs. As previously reported, SAMs were prepared by
placing the template-stripped metals surface into a vial containing 3
mM alkanethiol in 5 mL of ethanol. The surface and thiol solution
were incubated for 3 h under an inert atmosphere. The SAM was
rinsed with ethanol and dried with a stream of nitrogen gas.25,40
Measuring the Contact Angle. The contact angles of deionized
(DI) water, DEG, and n-hexadecane on SAMs were measured using a
goniometer (Rame-Hart, with a tilting base). A droplet of 1.9 μL of DI
water (1 μL of DEG and 1 μL of n-hexadecane) was dispensed onto
the SAMs through an integrated syringe pump. Images of droplets on
SAMs were analyzed with DropImage software.24
■ RESULTS AND DISCUSSION
The substrates used in fabricating SAMs were prepared by e-
beam evaporation followed by interfacial stress-induced
reconstruction. Surface roughness was characterized by atomic
force microscopy (AFM), and crystallinity (orientation) was
measured using wide-angle X-ray diﬀraction and polycrystal-
linity was conﬁrmed by SEM using a backscattering detector.
(See Supporting Information Figures S3 and S4 for the XRD
spectrum and SEM data, respectively.) The template-stripped
surfaces were dominated by the more stable Au [111]
orientation. We compared the properties of the template-
stripped surface with (AuM‑TS) or without (AuTS) the use of
remote interfacial stress-induced mechanoannealing, a techni-
que described elsewhere.41 Figure 2a−d shows the AFM images
of the prepared surfaces indicating that AuTS has comparatively
larger grains and greater RMS roughness (0.4 ± 0.06 nm) than
AuM‑TS. The AFM data shows that AuPd‑TS, AuTi‑TS, and AuFe‑TS
surfaces have average RMS roughnesses of 0.35 ± 0.03, 0.25 ±
0.07, and 0.21 ± 0.03 nm, respectively. Figure 2e−h, the 3D
topographic view of the AFM images with an accompanying
line cross-section, further indicated that AuM‑TS surfaces have
lower RMS roughness and hence shorter surface asperities.
AuFe‑TS has the lowest surface roughness among all of the
samples with surface asperities approaching a C−C bond length
(0.15 nm). All of these surfaces have been shown to be
polycrystalline, with the most thermodynamically favorable
crystal orientation ([111] plane) dominating the surfaces.
The hydrophobicity of medium-length n-alkanethiolate
SAMs formed on the described surfaces was analyzed by
measuring the static contact angle, θs, formed between the
SAMs and droplets of deionized water. A minimum of 10
measurements were made for each monolayer, and the average
value of θs is reported. Figure 2j−m summarizes all data from
each surface, indicating that (i) there is an odd−even oscillation
in the values of θs, (ii) the value of θs gradually increases with
increasing length of the molecule forming the SAM, and (iii) all
SAMs with an even number of carbons gave higher values of θs
than subsequent or proceeding odds. Comparing θs values with
previous work (Figure 2i),24 a small discrepancy in the absolute
values is observed, most probably due to systematic errors as
the working environment has signiﬁcantly changed (all
measurements were made under ambient conditions). Changes
in the humidity or adventitious contaminants can aﬀect the
interfacial surface tensions and hence θs, as predicted by
Young’s equation (eq 1).42 For comparative physical−organic
studies, however, these systematic errors are of no consequence
as the study is internally self-calibrating, hence the key criterion
is internal consistency and comparisons are the key in
delineating desired relationships or couple eﬀects.
θ
γ γ
γ
=
−
cos s
sg sl
lg (1)
Eﬀect of Surface Roughness on Hydrophobicity.
Despite the slight discrepancy in the absolute values of θs
between the reference and literature AuTS surfaces (Figure 2i),
the general trend is comparable; that is, SAME values are
generally more hydrophobic than SAMO values, and there is a
general increase in hydrophobicity with increasing molecular
length (Figure 2j−l). We therefore proceeded to compare
wettability between SAME and SAMO on surfaces smoother
than AuTS (Figure 3a). We observed an odd−even eﬀect on
these surfaces (Figure 2j−l); however, there was no statistically
signiﬁcant diﬀerence in the rate of oscillation between values of
θs obtained from SAM
E and SAMO (Figure 3a).
Figure 3b shows a plot of θs against the RMS roughness of
the substrate on which the SAMs are fabricated, where the
dotted lines are linear ﬁts to data from each molecule and the
broad line is an average of either the odd or even series. The
linear ﬁts in Figure 3b showed a slight average dependence of
wetting on roughness (0.6°/Å) over the whole data set, while
considering the data as from each series independently shows
that the odd had a slightly higher linear dependency (0.7°/Å)
than the evens (0.5°/Å). (For the equation of ﬁt, see
Supporting Information Figure S2.) The slight dependence,
however, is insigniﬁcant as they fall within the margin of error
of the measurements, and as such we conclude that within the
limits of ultraﬂat surfaces (RMS roughness ≤ 4 Å) the odd−
even eﬀect in hydrophobicity is not inﬂuenced by variations in
roughness. Unlike what we had previously observed,24 albeit
with larger diﬀerences in surface asperities, ﬂuctuations in
roughness of up to ∼3 C−C bonds have no eﬀect on surface
hydrophobicity. In evaluating the extrapolation of these linear
ﬁts to the Y-axis intercept, that is, a hypothetical surface that is
atomically smooth and has no defects (i.e., RMS roughness =
0), we ﬁnd that the two series give θs
E = 107.0° (SAME) and θs
O
=104.1° (SAMO). The diﬀerences in hydrophobicity of SAME
and SAME on this hypothetical surface (Y-axis intercept)
suggest an average Δθs|even−odd| ≈ 3°, the ultimate contribution
of the odd−even eﬀect to the hydrophobicity of n-
alkanethiolate SAMs. A similar comparison of the average
diﬀerences in wetting for the homologous series, SAME and
SAMO, with increasing length is Δθs|n− (n+1)| ≈ 1.7° (n = even)
and Δθs|n− (n+1)| ≈ 3.1° (n = odd), indicating that at the Y
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intercept the diﬀerence in wettability is analogous to that
observed when the length of an odd alkanethiol is increased in
length by a single carbon. The equivalence in Δθs between
SAMs on the hypothetical surfaces (∼3°) and a length increase
from an odd to an even (∼3°) while a similar length increases
from an even to an odd leads to a decreased diﬀerence in odds
vs evens (∼1.7°), suggests that there is an increase in attractive
forces or a decrease in repulsive forces acting on a droplet of
water upon addition of a methylene unit on an even-numbered
n-alkanethiol used to fabricate the SAM. To our knowledge,
this discrepancy and/or discrepancy in the magnitude of odd−
even oscillation has not been reported before and its origin has
not been described.
From the equation of the linear ﬁts of the average eﬀect of
surface roughness on θs (Supporting Information Figure S2),
we observe that the linear ﬁts converge at RMS roughness ∼1
nm, suggesting this as the limit to the experimental realization
of the odd−even in hydrophobicity. This inference agrees with
our earlier observation that there is no observable odd−even
eﬀect in hydrophobicity of n-alkanethiolate SAMs when
substrates with RMS roughness ≥2 nm are used. Because this
data is extrapolated over large values of RMS roughness, we
suggest caution in adopting this as an absolute limit and suggest
this value to be used as a guide in further understanding the
interfacial properties of n-alkanethiolate SAMs.
Diﬀerence in Surface Wetting Is Driven by the Work
of Adhesion. The nature of wetting, as captured by the
contact angle formed between a liquid and a surface, is well
understood and can be described using the well-known Young
equation (eq 1). Wetting can also be expressed in terms of the
work of adhesion, Wa, as given by the Young−Dupre equation
which shows that, for nonwetting surfaces, Wa ≈ 2γint.
γ θ= −W (1 cos )a LG S (2)
From this relation and from our previous work, we inferred
that the Wa and the spreading parameter, S, of water on SAM
E
and SAMO on AuTS are diﬀerent. A similar conclusion can also
be reached from the current study. The Wa, however, is a
function of two components: (i) dispersive forces (γd), which
result from interface van der Waals forces, and (ii) a polar
component (γp),43 which is largely due to a molecular polar
force such as dipole moments. Experimental and theoretical
studies have shown that Wa is given as a geometric mean
expression (eq 2) which allows us to relate the static contact
angle, θs, to the dispersive and polar components (eq 4):
γ γ γ γ= +( )W 2a SGd LGd SGp LGp (3)
θ
γ γ
γ
γ γ
γ
= + −
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟cos 2 1s
SG
d
LG
d
LG
SG
p
LG
p
LG (4)
To understand the odd−even eﬀect, one needs to decouple
dispersive from polar contributors to the contact angles. Polar
water and has a higher surface tension (γ = 72.8 mN/m)
relative to hydrocarbons (γ ≈ 27 mN/m).44 The surface
tension of water has a high polar component (γp = 51.0 mN/
m);44 however, due to Brownian motion, it also has a signiﬁcant
contribution from dispersive forces (γd = 21.8 mN/m).44,45 The
polar component in the surface tension of water, therefore,
contributes more to the diﬀerences observed in Wa, as
manifested in θs
E and θs
O. To understand the role of dispersive
and polar forces in the odd−even eﬀect in wetting, other
liquids, preferably with the two forces decoupled or where they
are signiﬁcantly diﬀerent, are desired.
Contribution of Polar and Dispersive Forces in the
Odd−Even Eﬀect in Hydrophobicity. To further delineate
the origin of the odd−even eﬀect in wetting and interfacial
properties, we compared the trend in hydrophobicity (θs
water) of
the SAM (an average of all samples) with the calculated
molecular surface normal dipole moments and observed a
strong correlation (Figure 4a). The surface normal dipoles were
calculated following a method described by Vogt37 and agreed
well with literature values.24,37 This correlation further supports
our earlier observation that the odd−even eﬀect in SAM
hydrophobicity could be due to a combination of the structure
of the SAM interface and the surface normal dipole, with the
later playing a major role. The strong correlation with dipole
moments for SAMs fabricated on relatively ﬂat surfaces
suggests that because dipoles tend to orient in a manner that
minimizes surface energy, in the presence of a small molecule in
a SAM they are likely to reorient, abetted by molecular
vibrations, to a thermodynamically favorable (stable) state, and
as such “self-correct” to overcome defects that could have been
generated by these small surface asperities.
Figure 3. Static contact angles formed between n-alkanethiolate SAMs
and a droplet of water. (a) The SAMs formed on AuM‑TS and AuTS
surfaces showed an odd−even eﬀect in the values of the contact angles.
(b) Comparing the substrate roughness with the contact angle
measured on various SAMs. Dashed lines are ﬁtted lines showing the
eﬀect of surface roughness on the contact angle.
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So far we can infer that there are signiﬁcant diﬀerences in the
combined dispersive and polar forces acting on a liquid droplet
in contact with either SAME or SAMO; however, from the
values of θs
water alone we cannot decouple the two forces. To
delineate the contribution of each of these forces, liquids that
either have (a) zero dispersive or (b) no polar contributing
term in their surface tension can be used as probes. Dispersive
forces, however, are due to molecular vibrations (Brownian
motion), and as such all solvents would have a dispersive
component in their surface tension under ambient conditions.
Hexadecane (γ = γd = 27.5 mN/m, i.e., γp =0)44 is a good probe
for the eﬀect of γp, while diethylene glycol (γ = 45.4 mN/m
with γd = 26.1 and γp = 19.3)46 is a good intermediate probe
with a dispersive but much lower polar component compared
to water.
Surface Wetting with Hexadecane and Diethylene
Glycol. To delineate the contribution of polar and nonpolar
forces to the interface properties of n-alkanethiolate SAMs, we
measured the wetting properties of hexadecane (HD) and
diethylene glycol (DEG) on SAMs fabricated on AuPd‑TS (RMS
roughness = 0.3 ± 0.03 nm). We chose to use AuPd‑TS because
the RMS roughness is approximately the average of all surfaces
used in this study. We observed an odd−even eﬀect with both
HD and DEG, and as with water, θs
E was higher than θs
O. We
also observed a general increase in θs (decrease in wetting
properties) with increasing molecular length analogous to θs
water
(Figure 4b).
Assessing the variations between SAME and SAMO, however,
shows an asymmetry in the zigzag odd−even oscillation. The
average change in θs, with increasing molecular length, from an
odd to even molecule (ΔθsO→E) is larger than increasing the
molecular length from an even to an odd (ΔθsE→O) irrespective
of solvent properties. The average diﬀerence in the magnitude
of this asymmetry in the oscillation is, surprisingly, equal
irrespective of the liquid used (that is |ΔθsE→O − ΔθsO→E| ≅
1.1°) (Table 1). The equivalence, in direction and magnitude of
bias, suggests that this asymmetry is due to a change in the
property of the SAM and is not due to diﬀerences in the
properties of the probe liquid. To further understand the origin
of this asymmetry, we compared the % change, [that is (|ΔθsE→O
− ΔθsO→E|/|ΔθsO→E) × 100%], and observed the asymmetry in
water (44%) > DEG (20%) > HD (17%) (Table 1). The trend
in the proportional (%) diﬀerence in the asymmetry in the
odd−even eﬀect, that is, the decrease or increase in θs, for the
three solvents is inverse of the contribution of the dispersive
component in surface tension (HD, γd = 27.544 > DEG, γd =
26.146 > water, γd = 21.844) with the value of DEG being closer
to that of HD in both comparisons. The proportional (%)
diﬀerence in asymmetry does not mirror the polar component
(water, γp = 51 > DEG, γp = 19 > HD, γp = 0) because DEG is
almost the midpoint between water and HD in the values of γp.
Because the magnitude of the asymmetry in zigzag oscillation of
the odd−even eﬀect is independent of the probe liquid
properties and it increases with decreasing solvent dispersive
forces, we can infer that the asymmetry is dominated by
decreasing dispersive forces on the SAM interface. Con-
sequently, because all molecules have signiﬁcant dispersive
forces under ambient conditions (due to Brownian motion),
this leads to increases in the length of the molecule making up
the SAM, leading to a decrease in wettability of n-alkanethiolate
SAMs irrespective of the probe liquid. The magnitude of this
decrease in wetting is proportional to the contribution of γd to
its surface tension. To support the inference that the magnitude
of the gradual increase in θs and hence the decrease in wetting
is dependent on the contribution of γd to the surface tension,
we compared the magnitude of |Δθs| with the increase in
molecular length across the three probe liquids and observed
that for ΔθsE→O, HD (6°, γd = 27.5) > DEG (4.5°, γd = 26.1) >
H2O (1.4°, γ
d = 21.8). A similar trend was observed for ΔθsO→E
HD (7.2°, γd = 27.5) > DEG (5.6°, γd = 26.1) > H2O (2.5°, γ
d =
21.8), albeit with higher values due to the increase in θs with
increasing size of the molecule as discussed above.
It is well known that the SAMs get more ordered with
increasing molecular length;15 that is, the SAMs are more
crystalline and therefore more likely to form well-deﬁned
interfaces than the shorter liquidlike SAMs. The order also
induces limitations on molecular rotations and, as such, reduces
couple responses to interface-induced dipoles driven by
London dispersive forces on a droplet resting on such a
SAM. We therefore infer that the asymmetry in zigzag
oscillations in the odd−even eﬀect is due to reduced dispersive
forces at the interface, and as seen for HD, a large change in θs
is expected for probe liquids that are dominated by dispersive
forces as the size of the molecule making up the SAM increases.
■ CONCLUSIONS
This article demonstrates the odd−even eﬀect in wetting
properties of SAMs formed on ultraﬂat surfaces (RMS
Figure 4. Comparison of the contact angle formed by water (squares),
diethylene glycol (triangles), or n-hexadecane (circles) droplets on
SAMs fabricated on AuM‑TS compared to the calculated surface normal
dipole. All properties shows an odd−even eﬀect that also follows the
same trend.
Table 1. Change in Contact Angle from Even to Odd and
from Odd to Even
water DEG HD
|θ16 − θ11| 6.0 7.5 9
|θ12 − θ11| 2.5 6.14 7.4
|θ16 − θ15| 2.5 5.1 7.0
|θ11 − θ10| 1.5 4.6 5.3
|θ15 − θ14| 1.3 4.4 6.7
average (ΔθsE→O − ΔθsO→E) 1.1 1.1 1.2
((ΔθsO→E − ΔθsE→O)/ΔθsO→E) (%) 44 20 17
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roughness <0.4 nm) using both polar (nonwetting) and
nonpolar (wetting) liquids, bringing to the forefront an
understanding of some fundamental properties of n-alkane-
thiolate SAMs. We believe that the odd−even eﬀect is caused
by varying tilting angles of terminal −CH2−CH3 groups
(structural eﬀect) and the dipole of the SAMs (electronic
eﬀect). From this study we can infer the following.
There is a Limit to the Eﬀect of Surface Roughness on
the Odd−Even Eﬀect. Unlike in previous studies where
wetting liquids showed an odd−even eﬀect that ﬁzzled out with
increasing contact angles, we observe that with smooth surfaces
(RMS roughness ≤0.4 nm), the odd−even eﬀect is observed
irrespective of the wettability of the surface by the probe liquid.
This observation, therefore, supports our earlier report that the
realization/observation of the odd−even is dependent on the
quality of the substrate on which the SAM is formed. The
ability to establish that the atomic-level surface smoothness is
not required to observe the optimal odd−even eﬀect sets a
foundation on which the reliability of data derived from SAMs
is believable. The pronounced odd−even eﬀect, therefore,
becomes a reference on which other interfacial properties on
SAMs can be based without questioning the eﬀect of surface
roughness when the RMS roughness is ≤0.4 nm. The eﬀect of
surface roughness on SAMs or SAM-based technologies has
been observed in other ﬁelds,13,14 but the fundamental wetting
property has not been well documented.
Odd−Even Eﬀect in Hydrophobicity Cannot Be
Observed on Surfaces with RMS Roughness ≥1 nm.
From an extrapolation of the dependence of hydrophobicity on
roughness, we observe that the linear ﬁts to the odd- and even-
numbered series converge at RMS roughness ∼1 nm,
suggesting that at some point surface roughness will dominate
the properties of a surface, with the deposited molecules
adopting a less dominant role that they would on smooth
surfaces.
For a SAM on Au, the Ideal Odd−Even Eﬀect in
Hydrophobicity is θs ≈ 3°. By comparing data from surfaces
with diﬀerent RMS roughnesses, we extrapolated the linear ﬁts
to a hypothetically atomically ﬂat surface (RMS roughness = 0
nm) and observed the limit to the odd−even eﬀect in wetting,
that is, |θs
E − θsO| = 3°. This conﬁrms our earlier observation that
the diﬀerence in θs
E and θs
O due to the surface dipole (bulk
molecular dipole−polar forces and an interface-induced dipole
due to molecular vibrations−dispersive forces) is approximately
3°.24
There is no Signiﬁcant Dependency of Hydro-
phobicity, and Hence Wetting, on the Roughness of
the Surface for Ultraﬂat Substrates. By comparing linear
ﬁts to the data on changes in hydrophobicity with roughness,
we observed that there was no signiﬁcant variation of θs with
the change in surface roughness (ΔθsO = 0.7°/Å, ΔθsE = 0.7°/
Å). This conclusion, however, needs to be taken with caution
because all of the surfaces used in this study were ultraﬂat;
therefore, extrapolation to rougher surfaces may vary.
Asymmetry in Zigzag Oscillations in the Odd−Even
Eﬀect Is Due to a Decrease in Dispersive Forces with
Increased Order in the SAM. From this idealized odd−even
eﬀect and by using diﬀerent probe liquids, we infer that the
asymmetry in zigzag oscillations with increasing molecular
length (that is, |ΔθsE→O| < |ΔθsO→E|) is primarily due to changes
in the dispersive forces as the SAM gets more crystalline (more
ordered). With increased order, the degrees of freedom in
molecular vibrations will be constrained, and hence interface-
induced dipoles (analogous to restrained London dispersive
forces) decrease. A limitation to molecular vibrations and the
ability of the SAM interface to couple to London dispersive
force-induced dipoles from a probe liquid lowers the Wa and
makes a surface less wettable, leading to an increase in θs. This
conclusion supports the observation that when the surface
tension of the probe liquid is dominated by dispersive forces
then the overall increase in contact angles will be larger than for
liquids that are dominated by polar forces. There is also a slight
increase in the dipole moment of the molecule with increasing
(Δμ ≈ 0.02 D) molecular length, which translates to ∼1% that
of water (1.85 D, and hence a small contribution or no
contribution from polar forces is expected. (We do not expect
this to be a measurable contribution under our approach.)
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